The temporal and spatial transcription patterns of the Xenopus Zuevis Bone morphogenetic protein 2 (BMP-2) gene have been investigated. Unlike the closely related BMP4 gene, the BMP-2 gene is strongly transcribed during oogenesis. Besides some enrichment within the animal half, maternal BMP-2 transcripts are ubiquitously distributed in the early cleavage stage embryos but rapidly decline during gastrulation. Zygotic transcription of this gene starts during early neurulation and transcripts are subsequently localized to neural crest cells, olfactory placodes, pineal body and heart anlage. Microinjection of BMP-2 RNA into the two dorsal blastomeres of 4-cell stage embryos leads to ventralization of developing embryos. This coincides with a decrease of transcripts from dorsal marker genes (&tubulin, a-actin) but not from ventral marker genes (a-globin). BMP-2 overexpression inhibits transcription of the early response gene XFD-1, a fork head/HNF-3 related transcription factor expressed in the dorsal lip, but stimulates transcription of the posterior/ventral marker gene Xhox3, a member of the helix-turn-helix family. Activin A incubated animal caps from BMP-2 RNA injected embryos show transcription of ventral but an inhibition of dorsal marker genes; thus, BMP-2 overrides the dorsalizing activity of activin A. The results demonstrate that BMP-2 overexpression exerts very similar effects as have previously been described for BMP-4, and they suggest that BMP-2 may act already as a maternal factor in ventral mesoderm formation.
Introduction
Mesoderm formation is one of the key events in vertebrate embryogenesis.
During recent years, a number of proteins belonging to the transforming growth factor /3 (TGF-p), fibroblast growth factor (FGF) and Wnt families have been found to influence induction and patterning of mesodermal tissue during the development of the South African clawed frog, Xenopus Zuevis (Slack, 1993 (Slack, , 1994 Smith, 1993) . The fertilized egg of Xenopus luevis cleaves to form a hollow ball of cells, the blastula, and mesodermal germ layer is formed in the equatorial region of the embryo as a result of signalling from the vegetal to the animal half (Nieuwkoop, 1969; Nakamura et al., 1970; Asashima, 1975; Jones and Woodland, 1987) . In search for chemical substances mediating this process, Tiedemann and co-workers have isolated a protein from 9 to 11 days old chicken embryos which induces mesoderm and endoderm derived tissues (Born et al., 1972; Geithe et al., 1981; Plessow et al., 1990) . This protein, termed vegetalizing factor, was finally identified as a chick homologue of mammalian activin A, a member of the TGF-P superfamily (Tiedemann et al., 1992) . Human recombinant activin A had already independently been reported to act as a very potent inducer of mesoderm formation (Asashima et al, 1990) . Also, the supernatant of a Xenopus transformed cell line (XTC) was shown to induce mesoderm very efficiently (Smith, 1987; Smith et al., 1988) . This factor, termed XTC-MIF, was then identified as the Xenopus homologue of activin A (Eijnden- Van Raaij et al., 1990; Smith et al., 1990) . High concentrations of activin A induce axial and dorsal structures (somites and notochord), low concentrations induce ventral mesoderm derived tissues (mesenchyme and blood cells) (Grunz, 1983; Green et al., 1990) . But since activin mRNA could not be detected before the mid-blastula transition (Thomsen et al., 1990) , its function as a natural inducer of mesoderm formation is still a matter of controversial debate. Small amounts of protein being present in oocytes (Asashima et al., 1991) might be supplied by the feeder cells surrounding the oocytes (Dohrmann et al., 1993) . However, transcripts of another member of the TGF-/I superfamily, Vg-1, have been found to be localized to the vegetal half of oocytes and early cleavage stage embryos (Weeks and Melton, 1987) . Recent work has shown that chimeric proteins containing the mature region of Vg-1 and the premature region of other factors of the TGF-/l family are able to produce a mature Vg-1 dimer which is able to induce formation of axial mesoderm (Dale et al., 1993; Thomsen and Melton, 1993) . This indicates that proteolytic processing of Vg-1 could be a post-translational control mechanism being responsible for temporary and spatially restricted Vg-1 action to distinct regions of the embryo, e.g., the Nieuwkoop center in the dorso-vegetal region.
Besides activin A and Vg-1, a third group of growth factors belonging to the TGF-/3 superfamily, the bone morphogenetic proteins (BMPs), are involved in formation and patterning of mesoderm. Originally, bone morphogenetic proteins were found to be potent inducers of cartilage and bone formation (Urist, 1965; Urist et al., 1973; Wozney et al., 1988) . This subfamily contains at least 8 different members, termed BMP-1 to -8 (for a recent review see Kingsley et al., 1994) . Except for BMP-1, which is not related to the TGF-/I superfamily, the BMPs are secreted as disulfide-linked dimers. They are proteolytically cleaved from large precursors and exhibit multiple biological functions Kingsley, 1994) . In previous work we have shown that two members of the BMP gene family, BMP-2 and BMP4, are transcribed in oocytes of Xenopus luevis (Kiister et al., 1991; Plessow et al., 1991) . BMP-4 exhibits a low mesoderm inducing activity when applied to animal explants (Koster et al., 1991) but is able to override the dorsalizing effect of activin (Dale et al., 1992; Jones et al., 1992) . Overexpression of BMP-4 causes ventralization in further development (Dale et al., 1992; Jones et al., 1992) . Furthermore, BMP-4 seems to be involved in gastrulation movements (Howard and Smith, 1993) . It induces cell spreading in the absence of other factors at stage 12.5, the time of blastopore closure. This supports the view, that BMP4 exhibits its main effects after the onset of gastrulation (Dale et al., 1992) . BMP4 mRNA distribution was originally reported to be uniform at late blastula and early gastrula stages (Dale et al., 1992) . but Fainsod et al. (1994) recently showed a localized transcription of the BMP-4 gene in the ventral marginal zone of gastrulating embryos. The most dorsal region was devoid of BMP-4 transcripts. Nishimatsu et al. (1993) reported a constant level of immunodetectable BMP-4 protein during the early development of Xenopus laevis, but there are no data available about the localization of BMP4 protein. In mouse embryogenesis, BMP4 mRNA is found in posterior and ventral regions of the primitive streak at 8.5 days . This would also be consistent with the view that BMP-4 plays a role in ventraliziation of mesoderm and in the control of gastrulation. Very recent work revealed that BMP4 signalling is transmitted by a specific BMP4 receptor (Graff et al., 1994; Ma&o et al., 1994; Suzuki et al., 1994) . Dominant-negative mutants of the BMP4 receptor shifted the newly formed mesoderm towards dorsal structures which, vice versa, indicates an active role of BMP-4 in specifying ventral mesoderm (Graff et al., 1994; Suzuki et al., 1994) .
As compared to BMP-4, relatively little is known about the function of BMP-2 in early development. In the mouse embryo, BMP-2 mRNA is expressed in epithelial and mesenchymal cells, and in several organs that arise through reciprocal mesenchymal-epithelial interactions (Lyons et al., 1990) . Thereby, BMP-2 might play a role in the development of early limb bud, heart, tooth and whisker follicles. In Xenopus luevis, BMP-2 transcripts were reported to be most abundant in ovary (Nishimatsu et al., 1992) and the protein has been immunologically detected in pre-gastrula stage embryos (Ueno et al., 1992; Shoda et al., 1993) .
In the present work we have studied the temporal and spatial transcription patterns of the Xerwpus laevis BMP-2 gene during embryogenesis.
Additionally, we addressed the question about the function of maternal transcripts by overexpressing BMP-2 in early embryos. We found a significant shift towards the formation of ventral structures when injecting BMP-2 mRNA into the two dorsal blastomeres of 4-cell stage embryos. This was supported by the observation that BMP-2 overexpression downregulates early dorsal marker genes. The results suggest that BMP-2 acts as a maternal factor in ventral mesoderm formation. The differential expression of BMP-2 and BMP-4 genes in early embryos and a still unknown preference of the two corresponding proteins for different types of receptors have to be considered in evaluating their function in mesoderm formation or patterning during vertebrate embryogenesis.
Results

I. X. laevis BMP-2
Nucleotide sequences of two different isoforms of Xenopus laevis BMP-2 cDNAs are known: the BMP-2 sequence previously reported by our lab (Plessow et al., 1991) is almost identical (>99%) to a BMP-21 sequence (clone Xbr7; Nishimatsu et al., 1992) whereas the other sequence (clone Xbr22; Nishimatsu et al., 1992) is substantially different and probably represents the pseudoallelic version, hence designated as BMP-2,,. The existence of pseudo-allelic genes in some Xenopus species is a well known characteristic which is due to tetraploidization within a common ancestor some 50 million years ago (Bisbee et al., 1977 , Knochel et al., 1986 . corresponding gene and the structural organization of the BMP-2 precursor protein including its putative glycosylation sites. The gene is composed of three exons and its structural organization is identical to that of the corresponding mouse gene (Feng et al., unpublished; EMBL accession no. L25602); thus, this gene has been evolutionary conserved from amphibians to mammals. The precursor protein comprises 398 amino acids and, like all members of the TGF-P superfamily, it contains an Nterminal secretion signal sequence. This polypeptide is post-translationally processed yielding a mature region of 114 amino acids at the N-terminus, each two of which are dimerized by a disulfide bridge probably originating from cysteine residues at position 362 (Schlunegger and Griitter, 1992 . In vitro synthesized RNA was faithfully translated in a rabbit reticulocyte lysate into the full length protein (45 kDa) and injection of this RNA into blastomeres of early cleavage stage embryos led to immunodetection of mature BMP-2 using an antibody raised against a peptide from the N-terminus of the mature protein (data not shown). Injection experiments were further controlled by a 3' deletion mutant BMP-2APst I removing almost all of the coding sequence for the mature part of the protein.
Transcription of BMP-2 in oocytes, embryos, adult tissues and cell lines
To investigate the transcription pattern of BMP-2 during the early development of Xenopus fuevis we have isolated total RNA from mature oocytes and embryos of different developmental stages. RNase protection analysis was performed with a 401 bp fragment (Sac VSma I) derived from the 5'-end of the translated region of BMP-2 mRNA (Plessow et al., 1991) . As demonstrated in Fig.  2A , high amounts of BMP-2 transcripts are accumulated in the oocyte. This maternal mRNA persists throughout the early cleavage stages until blastula stage showing only a slight decline. However, during gastrulation we observe Dumont, 1972) or embryos at different developmental stages (morula: st. 6.5; blastula: St. 8; gastrula: St. 10.5-I 1.5; neurula: St. 15-16; somite segregation: St. 25; tadpole: St. 37-38; stage classification according to Nieuwkoop and Faber, 1956 ), (B) from adult tissues as indicated and (C) from three Xenopus cell lines were hybridized with BMP-2 antisense RNA derived from a 401 bp Sac YSma I fragment (see also Section 4).
Control hybridizations
were performed with yeast tRNA. After RNAse digestion, protected fragments were separated on polyacrylamide gels and visualized by autoradiography.
Integrity of RNA preparations was checked by RNase protection using an EF-la antisense probe (Pijting et al., 1990; Krieg et al., 1989) . a considerable decrease of BMP-2 transcripts and only very low amounts are found during neurulation stages. By the end of neurulation, we detect a distinct increase and transcripts accumulate until hatching. This might indicate that zygotic transcription of the BMP-2 gene starts during neurulation, but activation at an earlier stage cannot be excluded, because low amounts of zygotic transcripts would not be detected besides the maternal message. The quality of our RNA preparations was confirmed by RNase protection experiments using an EF-la probe. The rather strong signal of EF-la observed in oocytes originates from follicle cells which have not been removed, but the corresponding BMP-2 signal accounts for oocyte RNA because it persists during early cleavage stages.
Analysis of BMP-2 transcription in adult tissues revealed that this gene is weakly transcribed in heart, liver, lung, brain, testis and spleen (Fig. 2B) . The most prominent signal has been observed with RNA from ovary.
Thus, in adults the BMP-2 gene seems to be ubiquitously transcribed within a broad range of tissues, but there is a higher amount of transcripts within the ovary than in other tissues. The notion that BMP-2 transcription is not confined to selected tissues is also supported by the analysis of three Xenopus cell lines (Fig. 2C ). BMP-2 mRNA is present in two different kidney epithelial cell lines (A6 and EAX 1875) and a transformed fibroblast cell line (X.Fi).
Spatial distribution of BMP-2 transcripts in X. laevis embryos
To investigate the localization of BMP-2 transcripts during embryogenesis we performed whole mount in situ hybridizations (Tautz and Pfeifle, 1989; HemmatiBrivanlou et al., 1990; Harland, 1991) using embryos of various developmental stages. Digoxygenin labelled antisense RNA was obtained from a 737 bp Sac I/Pst I fragment which mainly covers that part of the sequence coding for the immature region of the protein and which deviates substantially from the otherwise closely related BMP4 sequence. The BMP-2 gene is maternally transcribed. As shown in Fig. 3A , all early cleavage stage embryos, until the blastula stage, exhibit high levels of BMP-2 transcripts which are mainly localized in the animal half of the embryo but are also present within the vegetal half. During gastrulation the signal becomes rather weak (Fig. 3A) , thereby correlating to the results obtained by RNase protection experiments ( Fig. 2A) .
In neurula stage embryos we observe zygotic BMP-2 transcripts in a stripe of cells located in the dorsal midline (Fig. 3B ). Thereby it is concluded that the BMP-2 gene is zygotically activated already during early neurula stages. Occasionally, these midline cells are not centered but show some diffuse patterning appearing as multiple stripes (Fig. 3C ). Cross sectioning a mid-neurula stage embryo reveals that these cells are localized within the mediate to lateral most superficial cell layer (Fig. 3D ), but they do not participate in formation of the spinal cord. Cross-sectioning an embryo at the end of neurulation reveals that BMP-2 transcripts are localized within a cell population on top of the neural tube which will differentiate into neural crest cells (Fig. 3F) . By the end of neurulation we also observe BMP-2 transcripts in posterior mesoderm surrounding the blastopore and in the most anterior ventral mesoderm giving rise to the heart anlage ( Fig. 3E ). Embryos at stage 23/24 exhibit two distinct frontal loci of BMP-2 transcription (Fig. 3G) . Presumably, the one neighbouring the cement gland corresponds to the hypophysis while the more dorsal located area represents cells of the future pineal body (epiphysis). At stage 28/29, there is intense staining in neural crest cells of the dorsal fin, the two olfactory placodes, the heart anlage and within the pineal body (Fig. 3H ). An anterior view on the embryo reveals the olfactory placodes and the pineal body as three distinct spots forming an asymmetric triangle (Fig. 31) . Interestingly, transcription of the BMP-2 gene in the pineal body is strongest during stage 26-3 1, when this organ is formed, and is mainly observed in those cells which are adjacent to the lumen of this gland and communicate with the third ventricle of the brain (Fig. 3J-L) . Embryos at stage 32 show BMP-2 transcripts in the olfactory placodes, the heart and in neural crest cells (Fig. 3M) . Tail bud development is accompanied by the appearance of BMP-2 transcripts in different tracts of neural crest cells. One stripe of cells which at early stages seems to be circumferential to the tip of the tail becomes disintegrated, thereby giving rise to separate areas of BMP-2 transcription at later tailbud stages (Fig. 3N) . At tadpole stages, BMP-2 is expressed in distinct areas of head mesenchyme (not shown).
In summary, besides some enrichment within the animal half, maternal transcript do not show any specific localization in the early cleavage stage embryos. Zygotic transcripts which can already be detected at early neurula stages exhibit a distinct spatial pattern. During subsequent development they are localized within different tissues, mainly in neural crest cells, the heart anlage, olfactory placodes and in the pineal body.
Overexpression of BMP-2 leads to ventralized embryos
BMP-2 is more closely related to BMP-4 than any other member of the BMP family. The two mature Xenopus proteins share 82% identity (Plessow et al., 1991) . By use of the animal cap assay it has been shown, that BMP-4 is a mesoderm inducing factor (Koster et al., 1991) which leads to the formation of ventral mesoderm derived tissues and, upon RNA injection, to completely ventralized embryos (Dale et al., 1992; Jones et al., 1992) . Whereas BMP-4 gene transcription is rather low during oogenesis and its main expression is observed after midblastula transition, the BMP-2 gene already exhibits main transcriptional activity within the oocyte. Thus, it was tempting to analyse whether injection of BMP-2 mRNA would interfere with embryonic development and whether or not this might lead to a similar phenotype as reported for BMP-4. In order to optimise the overexpression in injected embryos, we have subcloned the longest open reading frame of BMP-2 cDNA into the expression vector pSP64T containing a globin-cassette . Since injection into fertilized eggs or 2-cell stage embryos led to a high proportion of lethal embryos during gastrulation, we have injected BMP-2 mRNA into fourcell stage embryos loading either the two dorsal or the two ventral blastomeres each with 1 ng mRNA. Additionally, we injected embryos with globin mRNA and with mutant BMP-2APst I mRNA encoding a BMP-2 precursor protein lacking almost the entire mature part. This mutant contains only the first 15 N-terminal amino acids plus 12 additional amino acids which are not contributed by the original reading frame. Especially, the The two dorsal or the two ventral blastomeres of four-cell stage embryos were injected each with 1 ng of RNAs as indicated. Developing embryos were grown until control embryos had reached stage 34 and classified according to Kao and Elinson (1988) .
cysteine residue at position 362 being crucial for dimerisation is missing. All injected embryos were grown until uninjected control embryos had reached stage 32-34. Morphological analysis and classification of phenotypes was done according to the dorso/anterior index (DAI) as described by Kao and Elinson (1988) . The results are summarized in Table 1 . Injection of BMP-2 mRNA into the two dorsal blastomeres leads to a dramatic disturbance of normal development. Most injected embryos exhibited a severe reduction of head structures, many of them being completely acephalic. Additionally, many embryos seemed to be devoid of somites and did not possess a tail. Thus, the DA1 of these injected embryos was very low which is indicative for a high extent of ventralization. Examples of such embryos are shown in Fig. 4 . After closure of the blastoporus they lack a neural groove and do not exhibit any anterior structures during further development (Fig. 4A,C) . The observed phenotypes are reminiscent and nearly identical to those reported upon injection of BMP4 mRNA (Dale et al., 1992; Jones et al.,1992) , even if the DA1 obtained for BMP-4 injection is still a little bit lower (see Table 1 ). Embryos injected into the two ventral blastomeres (Fig. 4D) exhibited no or only minor defects, thereby causing no significant decrease of DAI. Embryos injected with the deletion mutant BMP2APst I developed quite normally (Fig. 4E) . The overexpression of this mutant does not lead to an increase of functional BMP-2 molecules. Thus, the normal development of embryos injected with BMP-2APst I mRNA suggests that the phenotypes observed after injection of BMP-2 mRNA are really dependent upon the mature part of BMP-2 protein and, presumably, upon its correct maturation. Furthermore, the injection of the mutant mRNA assures that the results obtained with BMP-2 mRNA are not due to injection artifacts. Finally, the injection of human globin mRNA did not cause any morphological alterations of the developing embryos (Fig. 4F ) which is consistent with previous reports (Ruiz i Altaba and Melton, 1989a). In summary, these experiments demonstrate that overexpression of BMP-2 in the dorsal blastomeres of a four-cell stage embryo interferes with dorsal, but not with ventral mesoderm formation. The resulting embryos are completely ventralized and the observed phenotype is indistinguishable from that described for injection with BMP-4 mRNA (Dale et al., 1992; Jones et al., 1992) .
BMP-2 interferes with dorsal marker gene expression and inhibits transcription of XFD-I gene
The lack of dorso/anterior structures in embryos overexpressing BMP-2 raises the question whether this abnormality is reflected by altered transcriptional activities of dorsal and ventral marker genes. Therefore, BMP-2 injected embryos were fixed at stage 32-34 and analysed by whole mount in situ hybridization for transcription of three different genes: (1) a CNS specific class II /I-tubulin (clone 24-10; Richter et al., 1988; Good et al., 1989; Oschwald et al., 1991) (2) a mesoderm specific sarcomeric a-cardiac actin al (Stutz and Spohr, 1986) coexpressed in heart and skeletal muscle during embryogenesis, and (3) embryonic a-globin (pXGL 19.1 (Widmer et al., 1981) identical to aT3 (Banville and Williams, 1985) ) being expressed in blood islands derived from ventral mesoderm. We observed in most cases that inhibition of dorsal axis formation caused by BMP-2 overexpression was correlated to a loss of a-actin and Btubulin gene expression (Fig. 5A,D) . Interestingly, some embryos lacking an anterior/posterior axis as judged by their morphological appearance did still contain transcripts of these two genes albeit at very low amounts as compared to normally developing embryos. However, we did not observe any suppression of the a-globin gene (Fig. 5G) . On the contrary, in completely deformed embryos there seems to be an elevated level of these transcripts. Embryos injected into the two ventral blastomeres behaved like uninjected embryos and showed the normal expression patterns of all three marker genes ( Fig.  SB,E,H) . Additionally, we have investigated early embryos injected with BMP-2 mRNA for the presence of transcripts encoding two different types of transcription factors. XFD-1 (KnGchel et al., 1992) belongs to the fork head/HNF-3 family and has independently been described as XFKHl (Dirksen and Jamrich, 1992) and pintallavis (Ruiz i Altaba and Jesse], 1992). This gene is initially transcribed within the dorsal lip and, later on, within the dorsal midline in notochord and neural floor plate. Xhox3 belongs to the homeobox containing transcription factor family and is transcribed at the posterior/ventral region of late gastrula/early neurula stage embryos (Ruiz i Altaba and Melton, 1989a; 1989b) . RNase protection experiments with RNA from BMP-2 injected embryos reveal that XFD-1 transcripts are substantially diminished whereas the level of Xhox3 transcripts shows even an increase as compared to uninjected control embryos (Fig.   6A ). Suppression of XFD-1 gene transcription was further documented by whole mount in situ hybridization of late gastrula stage embryos (Fig. 6B) . While embryos injected with BMP-2APst I mRNA showed the same distribution of XFD-1 transcripts as observed in the uninjected controls, more than 90% of BMP-2 mRNA injected embryos were deficient in transcription of this dorsal marker gene. Thus, the observed ventralization of embryos injected with BMP-2 mRNA is probably due to a down-regulation of early response genes in the dorsal lip. Transcription factors encoded by these genes are required for the establishment of the dorsal axis; consequently, their lack will inhibit normal axis formation and leads to ventralized embryos.
Animal cap explants of BMP-2 injected embryos differentiate to ventral mesodermal tissues
Conditioned medium of BMP4 transfected COS-1 cells had been shown to induce the formation of ventral mesodermal tissues in animal cap explants, albeit at a very low percentage (KGster et al., 1991) . Analogous experiments performed with BMP-2 yielded histologically only atypical epidermis like untreated control caps (data not shown). We also failed to detect a-globin transcripts as a ventral mesodermal marker. Thus, when applied to animal cap explants, BMP-2 seems to have no mesoderm inducing activity. We next have analysed the expression of a-globin and XFD-1 genes in animal caps of embryos which had before been injected with BMP-2 mRNA into the two dorsal blastomeres at the four cell stage (Fig. 7) . RNase protection analysis reveals transcriptional activity (Stutz and Spohr, 1986) ; (D-F): class II /?-tubulin (Richter et al., 1988 , Good et al., 1989 ; (G-I): embryonic a-globin (Widmer et al., 1981) . Embryos were bleached and cleared in benzylbenzoate/benzyI alcohol (2:l). Arrowheads in (A) or (D) point towards residual a-actin orp-tubulin transcripts, respectively.
of the a-globin but not of the XFD-1 gene. This finding indicates formation of ventral mesoderm and corresponds to the results obtained with complete embryos. We have also tested whether BMP-2 is able to override the dorsalizing activity of activin A, as has been reported for BMP-4 (Dale et al., 1992; Jones et al., 1992) . Animal caps of normal embryos respond to higher concentrations of activin A (75 @ml) by the formation of dorsal mesodermal structures. On the molecular level this induction process includes the activation of some dorsal lip specific early response genes, amongst them XFD-1 (Dirksen and Jamrich, 1992; KnSchel et al., 1992; Ruiz i Altaba and Jessel, 1992 ) (see also Fig. 7) . When animal caps of BMP-2 injected embryos were treated with activin A under identical conditions, transcription of the XFD-1 gene was substantially decreased (the very low amount of transcripts still visible may actually be ascribed to inefficient translation of BMP-2 mRNA in a few injected embryos).
Instead, these caps showed rather strong expression of the embryonic a-globin gene (Fig. 7) . We therefore conclude that BMP-2, similar to BMP-4, overrides the dorsalizing activity of activin A in animal cap explants leading to the formation of ventral mesodermal tissues.
Discussion
The Xenopus faevis BMP-2 gene is transcribed during oogenesis and the mature oocyte contains a high copy number of transcripts. After fertilization, these transcripts persist and are found to be distributed in all blastomeres of early cleavage stage embryos. Although they show an enrichment within the animal half, they are not localized, i.e., they are also present within the vegetal half. During gastrulation the amount of maternal transcripts rapidly declines, so that they are barely detectable in late gastrula stage embryos. As shown by whole mount in situ hybridization, zygotic transcripts of the BMP-2 gene are first visualized in neurula stage embryos within distinct cell stripes in the dorsal midline, i.e., within the notoplate. While these cells are known to form the neural tube, we do not detect BMP-2 expression in the spinal cord at later stages. However, high levels of transcripts are found in future neural crest cells located on top of the roof plate. During tailbud stages we observe in the posterior part of the dorsal fin a distinct stripe of neural crest cells showing high levels of BMP-2 transcripts. Interestingly, staining of embryos at different stages indicates the disintegration of previously uniform tracts of cells and it demonstrates formation and migration of newly appearing crest cells expressing this gene. Already beginning at stage 25126, BMP-2 transcripts are additionally accumulated within the thickening ectoderm forming the olfactory placodes and within the developing pineal body (epiphysis) which is located on the roof of the diencephalon. Transcription of the BMP-2 gene in these two organs is of special interest. The pineal body is an integral component of the brain and has phylogenetically changed from a third eye to an endocrine gland. In evolutionary terms the pineal body displays features of a photoreceptor, biological clock and endocrine gland releasing endocrine messages acting on various target organs (Oksche, 1982) . In the frog, the rostra1 end of the pineal body segregates after hatching to form the anlage of the Stirnorgan. This pineal eye is a true photoreceptor organ capable of chromatic and achromatic types of response (Dodt, 1973) . BMP-2 transcription in the olfactory placodes is consistent with its proposed function in epithelial/mesenchymal interactions (Lyons et al., 1990) . It gains special interest in the context of a recent re-evaluation (Slack, 1995) of the transplantation of a nasal placode into the flank of a newt embryo at prelimb-bud stage leading to the formation of an additional limb (Balinsky, 1933) . Even if this is discussed in terms of FGF signalling, BMP-2 function in this process is likely and would be expected by its localized expression in this placode. Finally, intense staining within the heart region may indicate that BMP-2 is also involved in the differentiation of this organ. This is consistent with previous reports on mouse embryos showing BMP-2 expression in the myocardial layer of various heart structures (Lyons et al., 1990) . Thus, the temporal and spatial transcription pattern of the BMP-2 gene is clearly different from that of the closely related BMP4 gene. This gene is
XFD-1 EF-la
a-gl obi n EF-la Fig. 7 . Analysis of dorsal and ventral marker genes in animal cap explants from BMP-2 injected embryos. Animal caps of uninjected and BMP-2 injected embryos (each 1 ng RNA into the two dorsal blastomeres at the four-cell stage) were dissected at early to midblastula stage and, in part, incubated with 75 @ml human recombinant activin A. RNA was collected when control embryos had reached stage I2 or stage 35, respectively. RNA equivalent to each ten caps/lane was analysed by RNase protection for XFD-I or EF-la transcripts at stage I2 (same probes as described in the legend to Fig. 6 ) and, at stage 35, for embryonic a-globin transcripts using an antisense probe transcribed from the 252 bp Pst I/Barn HI fragment of pXGL 19.1 (Widmer et al., 1981) or for EF-lo transcripts.
weakly transcribed in oocytes (Koster et al., 1991; Dale et al., 1992; Nishimatsu et al., 1992) ; zygotic transcription starts after midblastula transition and transcripts are mainly localized to the ventral marginal zone of gastrulating embryos (Fainsod et al., 1994) . Differential expression of BMP-2 and BMP-4 is also documented for later stages of embryogenesis.
At tailbud stages, BMP4 is transcribed in the spinal cord roof plate, neural crest, eye and auditory vesicles (Fainsod et al., 1994) . By comparison, there seems to be a complementary pattern for BMP-2 and BMP-4 expression within the different types of placodes. While BMP-4 is transcribed in the auditory and optical placodes, BMP-2 is expressed in the olfactory placodes. Both genes are transcribed within neural crest cells and, probably, within the heart anlage but BMP-2 is exclusively transcribed in the pineal body. In summary, our results suggest two different modes of BMP-2 action; transcription in oocytes and the ubiquitous distribution of maternal transcripts in the early cleavage stage embryosmay account for early determination processes, whereas the localized pattern of zygotic transcripts argues for specific functions in the differentiation of special tissues or organs.
Transcription of the BMP-2 gene during oogenesis and the existence of the corresponding protein in early cleavage stage embryos (Ueno et al., 1992; Shoda et al., 1993; our own unpublished results) raise the question to the biological function of these molecules during the early development.
By microinjection of BMP-2 mRNA into the dorsal blastomeres of four-cell stage embryos we have shown that overexpression of BMP-2 leads to ventralized embryos lacking any anterior structures. The observed phenotype closely resembles that obtained after injection of BMP4 (Dale et al., 1992; Jones et al., 1992) , although in this case the dorso/anterior index (DAI; Kao and Elinson, 1988 ) is shifted to even lower values (see Table 1 ). Also, formation of ventral mesoderm in animal cap explants of BMP-2 injected embryos and the overriding activity of BMP-2 versus that of activin A correspond to the findings obtained with BMP-4. Results from transcription analysis of dorsal and ventral marker genes in BMP-2 injected embryos are consistent with the observed phenotype; the absolute amounts of B-tubulin and a-actin transcripts are much lower in BMP-2 injected embryos than in uninjected control embryos, whereas transcription of the embryonic a-globin gene is not decreased but even seems to be elevated. However, a residual activity of dorsal marker genes in injected embryos might indicate that BMP-2 is not directly involved in the regulation of these genes. It is more likely that overexpression of BMP-2 in the early embryo dramatically interferes with formation and patterning of germ layers, thereby reducing the amount of differentiating tissues where these genes are normally expressed. More direct evidence for this is rendered by transcriptional analysis of XFD-1 and Xhox3 genes. XFD-1 serves as an early marker for dorsal and Xhox3 for posterior/ventral mesoderm. While XFD-1 transcription is strongly blocked in BMP-2 injected embryos, we observe an increase of Xhox3 transcripts. This means that BMP-2 signalling induced by overexpression of the corresponding protein leads already in the pregastrula stage embryo to transcriptional inactivation of regulatory genes being required for differentiation of dorsal tissues but it does not inhibit the transcription of genes being involved in the formation of posterior/ventral structures. This finding together with the observed maternal expression of the BMP-2 gene supports the idea that BMP-2 exerts a ventralizing function in the early cleavage stage embryo. The recently identified BMP type I receptor is already transcribed during oogenesis and it does not distinguish between BMP-2 and BMP-4 proteins (Graff et al., 1994; Suzuki et al., 1994) . Thus, it is reasonable to assume that maternal BMP-2 signalling occurs already before the onset of zygotic BMP-4 transcription after midblastula transition. The results from experiments with dominant negative mutants of the BMP receptor led to the suggestion that -in contrast to the general believethe default state of mesoderm is not ventral and that ventral mesoderm formation requires an active signal, mediated by serine/threonine kinases (reviewed in Harland, 1994) . Even more important in this model is the timing of events. If BMP-4 would be the only active signal, then it can be speculated that the default state of mesoderm is dorsal and that only the expression of BMP4 after the onset of zygotic transcription renders a signal for patterning the ventral mesoderm. However, the present study reveals that ventralizing signals are already present before midblastula transition. Therefore, it could also be argued that the default state of mesoderm is ventral and that this default state is maintained by the presence of ventral signals mediated by serinelthreonine kinases. However, it seems more reasonable to suggest, that neither of these two alternative assumptions is correct. Instead, formation of dorsal and ventral mesoderm depends upon the presence of different factors which by combinatorial codes and mutual interactions will finally establish mesodermal patterning. There are numerous open questions with respect to the localization of ligands and receptor proteins and to the signalling pathways. The BMPs may have different effects depending on whether they form homodimers or heterodimers. The same holds true for the receptors and it is likely that other receptors with differential affinities to distinct members of the BMP family will be found in the near future. Finally, the signalling pathways need urgently to be disclosed to get a more detailed understanding on the molecular action of BMPs in ventral mesoderm formation.
Materials and methods
Molecular cloning
Isolation of a Xenopus BMP-2 cDNA clone from an ovary cDNA library has already been reported (Plessow et al., 1991) . Screening a genomic DNA library with BMP-2 cDNA as labelled probe led to the identification of two overlapping genomic clones containing the BMP-2 gene. Subcloning and sequencing were done according to standard procedures.
Xenopus embryos and preparation of animal cap explants
Xenopus eggs were obtained from hormonally stimulated females. The eggs were fertilized in vitro with testes homogenates. After cortical rotation eggs were dejellied with cysteine-chloride solution (4% in 0.1 X MBSH) and allowed to develop in 0.1 X MBSH (MBSH: 0.41 mM CaCl,, 0.33 mM Ca(NO&, 10 mM HEPES, pH 7.5, 2.5 mM KCl, 0.82 mM MgS04, 88 mM NaCI, 2.4 mM NaHCOs).
Animal caps were excised by using fine glass needles from early to midblastula stage embryos and incubated for 4 h with 75 ng/ml recombinant human activin A (kindly provided by M. Asashima, Tokyo) in Barth solution (44 mM NaCl, 0.5 mM KCl, 0.41 mM MgS04, 0.17 mM Ca(NO&, 0.2 mM CaCl*, 0.6 mM NaHCOs, 0.05 mM Na2HP04, 0.07 mM KH,PO,). After incubation for additional 2 h in Barth solution caps were transferred to Holtfreter solution (60 mM NaCl, 0.67 mM KCl, 0.83 mM CaC12) and allowed to develop until control embryos had reached stage 12 or stage 35, respectively.
Cell lines
The following Xenopus cell lines were used: (1) A6: kidney epithelial cell line, ATTC No CCL 102; (2) EAX 1875: kidney epithelial cell line, kindly provided by J.
Stalder, Bern (Stalder, 1988) ; (3) XFi: permanent fibroblast cell line, kindly provided by C. Dreyer, Tubingen. Cells were cultured in L-15 Leibovitz medium supplemented with 8% FCS, 5% (v/v) tryptose phosphate bouillon, 0.3 mg/ml arginine, 29 mg/ml I-glutamine, 0.2% Fungizone and 1% penicillin/streptomycin (10 000 IU/ 10 OOOpg/ml) at 25°C. Cell culture chemicals were purchased from GIBCO-BRL.
RNA isolation and RNase protection assay
Total RNA was isolated according to Chirgwin et al. (1979) . For in vitro transcription we subcloned the following cDNA fragments into pSPT 18/19 vectors: a 401 bp Sac I/Sma I fragment of BMP-2 (Plessow et al., 1991) a 484 bp Eco RI/Bgl II fragment of XFD-1 (Knochel et al., 1992) , a 750 bp Eco RI fragment of Xhox3 (Ruiz i Altaba and Melton, 1989a; 1989b) , a 252 bp Pst I/Barn HI fragment of the larval a-globin clone pXGL 19.1 (Widmer et al., 1981) and a 311 bp Pvu II&t I fragment of the elongation factor la (EF-la) sequence pXEF7 (Poting et al., 1990) . In vitro transcription was performed with a commercially available kit (Amersham-Buchler, Braunschweig).
[32P]UTP labelled antisense RNA was hybridized with total RNA of oocytes, embryos, adult tissues, different cell lines (as indicated in Results), animal cap explants and with yeast tRNA (control). Hybridizations and RNase digestions were performed as described .
Whole mount in situ hybridization
The localization of transcripts in Xenopus embryos was analysed by using the whole mount in situ hybridization technique (Tautz and Pfeifle, 1989; HemmatiBrivanlou et al., 1990; Harland, 1991) . Some technical modifications were introduced. After puncturing the embryos at the animal half, they were fixed in freshly prepared MEMPFA (0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM MgS04, 3.7% paraformaldehyde) at room temperature for 90 min and stored at -20°C in methanol. Whole mount hybridization was performed with digoxygenin labelled antisense RNA transcribed from the following cDNA templates: BMP-2: 737 bp Sac I/Pst I (Plessow et al., 1991) , XFD-1: 484 bp Eco RI/Bgl II (Kniichel et al., 1992) , a-cardiac actin al: 950 bp Pst I/Hind III (Stutz and Spohr, 1986) , larval a-globin clone pXGL 19.1: 252 bp Pst I/Barn HI (Widmer et al., 1981) , class II isotype ptubulin: 1744 bp (Richter et al., 1988 , Good et al., 1989 . Alkaline phosphatase mediated colour reaction was performed by using BM purple substrate (Boehringer, Mannheim). After final fixation of embryos in MEMPFA for at least 1 h, they were dehydrated in methanol and partially bleached in 30% H202/methanol (1:2) over 2 days with several times changing the solution. Alternatively, albino embryos have been used. Finally, the embryos were kept in methanol and photographed either in methanol or in benzylbenzoate/benzylalcohol (2: 1). Sections of 30 to 100,um were cut with a vibratom, dried and mounted in Eukitt (Kindler, Freiburg).
Microinjection of Xenopus BMP-2 mRNA into Xenopus embryos
A Hint II/Pvu II fragment of BMP-2 cDNA was cloned into the globin-cassette containing transcription vector pSP64T . The recombinant plasmid was linearized with Eco RI and transcribed with SP6 polymerase in the presence of m7G(5')ppp(5')G. Additionally, we constructed a BMP-2 mutant (BMP2APst I) by deletion of a 883 bp Pst I fragment at the 3' end. For control we used the human /3-globin sequence in pSP64 and the Xenopus BMP-4 sequence (Koster et al., 1991) in pSP64T. The RNA was translated in vitro in a rabbit reticulocyte lysate (Pelham and Jackson, 1976 ) and the protein products were analysed on 10% SDS polyacrylamide gels. For microinjection the capped mRNA was dissolved at a concentration of 0.1-0.2 pg/@ in injection buffer (88 mM NaCl, 15 mM Tris, pH 7.5, 1 mM KCl). Each 1 ng was injected into the two dorsal or ventral blastomeres of four-cell stage embryos (kept in 0.1 X MBSH containing 4% Ficoll). 5 h after injection the embryos were transferred into 0.1 X MBSH and grown at 18°C until controls had reached the desired developmental stage.
